Abstract: Femtosecond Stimulated Raman Spectroscopy is a new time-resolved vibrational technique that enables the recording of high resolution (10-20 cm -1 ) vibrational spectra of dynamic and reactive chemical and biological systems with < 50 fs time resolution.
Many fundamental photochemical reactions in biology such as vision and photosynthesis have evolved to rapidly execute complex chemical transformations that store energy or information. In order to understand how these reactions achieve their extreme speed and energy storage efficiency, it is critical to define the structures of the key molecules as a function of time during the reactive processes. However, since these reactions occur on the time scale of fs to ps there are few structural techniques available that can provide the relevant information on the relevant time scale. To address this challenge, we have developed a new time-resolved vibrational structural technique called Femtosecond Stimulated Raman Spectroscopy or FSRS that enables the recording of high resolution (10-20 cm -1 ) vibrational spectra of dynamic, reactive chemical and biological systems with < 50 fs time resolution [1] . We have now refined the technique and data analysis and are applying it to the photochemistry of vision and to elucidate the primary photochemical events in bacteriorhodopsin, phytochrome and other photoactive biological molecules.
In the FSRS process depicted in Figure 1 , a 50 fs actinic pulse from a NOPA is used to excite the photochemistry of interest. The evolution of this molecular system is probed with a pair of pulses consisting of a ps duration 800 nm Raman Pulse that establishes the energy of the virtual level and a 20 fs compressed continuum Probe Pulse that stimulates the Raman transitions which are heterodyne detected on the probe pulse [2] . The time resolution with which the Raman polarization is induced is determined by the cross correlation of pulses 1 and 3 which is typically 50 fs or less. The energy resolution is determined by the width of the ps Raman Pulse or by the duration of the molecular vibrational free induction decay. With this system, very high S/N time-resolved Raman spectra are obtained in only a few minutes giving us for the first time the ability to probe the vibrational structure of molecules on the intrinsic time scale of chemical and biochemical reactions from 10 fs to 1 ps.
The first FSRS study of a chemically reacting species was performed on the visual pigment rhodopsin [3] . Photon absorption by the 11-cis retinal chromophore in rhodopsin initiates a cis-to-trans isomerization that is complete in only 200 fs. The observation of structural transients in this isomerization process has eluded experimentalists for over 30 years. We were able to obtain high quality FSRS vibrational spectra of the photoproduct with 25 fs time steps over the entire course of the photoisomerization and ground state relaxation. The initial ground state photoproduct at 200 fs was found to have a structure that is formally isomerized to trans about the C11=C12 bond but is highly twisted about both single and double bonds. The localized twists are monitored by measuring the local hydrogen out-of-plane or HOOP mode frequencies as a function of time during the isomerization reaction. The key result is that despite the fact that the formal C11=C12 isomerization is photoinduced within 200 fs, much of the isomerization is completed on the ground state potential energy surface from 200 fs to 2 ps. The key accomplishment is the ability to monitor the vibrational structure of a chemically reacting molecule as the reaction occurs.
In order to extend FSRS to other photochemical and photobiological systems, it was necessary to enhance our FSRS apparatus to permit the use of a tunable Raman pump wavelength. The ability to tune the probe window to wavelengths other than 800 nm is critical to provide resonance enhancement of the scattering from desired intermediates and to avoid interference from stimulated emission. To achieve this we developed a novel narrow bandwidth optical parametric amplifier that provides high-energy tunable bandwidth limited ps Raman pump pulses [4] . The ps output is tunable from 500-650 nm with sufficient power and narrow bandwidth for FSRS experiments. Current work is focused on exploiting the tunable FSRS system to study the time-resolved vibrational structural dynamics of a wide variety of photoactive biological systems including light-sensing by the plant photoreceptor phytochrome, light-driven proton pumping by the bacteriorhodopsin protein in halobacteria, and the excited state 
